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ABSTRACT:We report the metal-catalyst-free synthesis of
high-quality polycrystalline graphene on dielectric sub-
strates [silicon dioxide (SiO2) or quartz] using an oxygen-
aided chemical vapor deposition (CVD) process. The
growth was carried out using a CVD system at atmospheric
pressure. After high-temperature activation of the growth
substrates in air, high-quality polycrystalline graphene is
subsequently grown on SiO2 by utilizing the oxygen-based
nucleation sites. The growthmechanism is analogous to that
of growth for single-walled carbon nanotubes. Graphene-
modified SiO2 substrates can be directly used in transparent
conducting films and field-effect devices. The carrier mobi-
lities are about 531 cm2 V�1 s�1 in air and 472 cm2 V�1 s�1

in N2, which are close to that of metal-catalyzed polycrystal-
line graphene. The method avoids the need for either a
metal catalyst or a complicated and skilled postgrowth trans-
fer process and is compatible with current silicon processing
techniques.

Graphene is currently the most promising potential successor
to silicon for use in next-generation electronic devices

because of its fascinating physical properties.1 In an attempt to
fabricate samples of graphene suitable for real-world applications,
many approaches have been studied, including mechanical cleav-
age,1 epitaxial techniques,2 chemical exfoliation,3 and chemical
vapor deposition (CVD).4 Among them, there have been rapid
recent advances in the use of metal-catalyzed CVD processes for
large-scale synthesis, and large-area graphene films have been
successfully grown onNi and Cu foils.5,6 It is widely believed that
the presence of metals is indispensable for the growth of high-
quality graphene, as almost all the CVD methods reported to
date rely on metal-catalyzed growth. As a result, complicated and
skilled postgrowth techniques have to be employed to remove
these metal catalysts and transfer the graphene to the type of
dielectric substrate (SiO2/Si or quartz) required for use in
practical electronic devices. In many cases, the transfer process
results in loss of material, and it is difficult, if not impossible, to
avoid contamination, wrinkling, and breakage of the samples.
Although much work has also been done to explore the catalyst-
free growth of graphene on dielectric substrates,7�9 nanocrystal-
line graphene and its lower properties have caught less interest.
On the other hand, nanosized SiO2 particles have been used
to grow single-walled carbon nanotubes (SWCNTs).10,11 Here
we describe a metal-catalyst-free CVD method for the direct

synthesis of high-quality polycrystalline graphene on silicon
wafers with a layer of SiO2 (SiO2/Si) and on quartz. One of
the major benefits of our method is that it can utilize the oxygen-
based nucleation sites for high-quality graphene growth, avoiding
the need for either a metal catalyst or a complicated and skilled
postgrowth transfer process.

As described in Figure 1a, SiO2/Si substrates were directly
placed in a quartz tube mounted inside a high-temperature fur-
nace (1100 �C) for graphene synthesis. In contrast to the typical
procedure for graphene growth, we annealed the SiO2/Si sub-
strates at 800 �C in flowing air before growth to remove any
organic residues and activate the growth sites (Figure S1 in the

Figure 1. Synthesis process and morphological changes of graphene on
SiO2/Si substrates. (a) Schematic diagram of the oxygen-aided CVD
growth of graphene on a SiO2/Si substrate. (b) Initial surface of the
SiO2/Si substrate, characterized by a uniform flat surface. (c) AFMheight
image of graphene sheets with a thickness of∼0.659 nm. (d) AFMphase
image of graphene sheets. (e) AFM image of 2D interconnected graphene
networks. (f) AFM image of continuous graphene films. (g) Photograph
of a graphene film on SiO2/Si substrate. The edge was removed using
adhesive tape. Scale bar = 1 μm.
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Supporting Information). Density functional theory calcula-
tions11,12 have revealed that the presence of oxygen can enhance
the adsorption of hydrocarbons on SiO2. Atomic force micro-
scopy (AFM) images of the SiO2/Si surface topography before
and after growth are shown in Figure 1b�f. The commercial
SiO2/Si chip used as the growth substrate is characterized by a
uniform flat surface (Figure 1b). After exposure to the flowing
reaction gas mixture (CH4:H2:Ar = 14:50:65 sccm) for 3 h, the
SiO2/Si surface became covered with monolayer graphene
islands (Figure 1c,d). The graphene phase image (Figure 1d)
reveals a clear contrast with the SiO2/Si substrate, and the thick-
ness of graphene sheets is ∼0.659 nm (Figure 1c). The size and
number of the graphene sheets can easily be controlled by chang-
ing the carbon flow, deposition temperature, or growth time
(Figure S2). Continued deposition enlarges the size of graphene
sheets, andmany nearest-neighbor graphene sheets link together,
initially resulting in 2D interconnected graphene networks
(growth time 7 h; Figure 1e) and subsequently continuous grap-
hene films (growth time 8 h; Figure 1f,g), which contain a num-
ber of islands of greater thickness. The height profile taken along
the white line in Figure 1f shows a step height of ∼2.560 nm,
corresponding to few-layer graphene.

The microstructure of the graphene prepared by oxygen-aided
CVDwas probed by high-resolution transmission electronmicro-
scopy (HRTEM), selected-area electron diffraction (SAED), scan-
ning tunneling microscopy (STM), and X-ray photoelectron
spectroscopy (XPS). These techniques provide important in-
formation about graphene as detailed below. After the graphene
film was transferred to a copper grid, the layer count on the edges
of the images indicated that the film consisted mostly of mate-
rial with a thickness corresponding to few-layer graphene or less
(Figure 2a�c). The selected SAED pattern in Figure 2d displays
two sets of hexagonal symmetrical patterns, which may be caused
by the grain boundary or a two-layer graphene with an AB stacking

structure.13,14 The STM image shows the atomic resolution of
the graphene lattice on the SiO2/Si substrate (Figure 2e), and the
XPS C 1s core-level spectrum shows the characteristic signals of
graphene (Figure 2f).15 The Si 2p binding energy is ∼105.1 eV,
which corresponds to SiO2 (inset). As shown by the full XPS
spectrum (Figure S3), there were no other signals due to Fe, Co,
Ni, Cu, or other metals, confirming that graphene can be syn-
thesized on SiO2 in the absence of metals.10 All these data indi-
cate that the films had high quality despite the fact that no metal
catalysts were employed during graphene growth.

The quality of the graphene on SiO2/Si produced by oxygen-
aided CVD was further evaluated using Raman spectroscopy.
The spectra reveal the presence of G, 2D, and D bands
(Figure 2g). The G band is the result of first-order scattering
of the E2g mode observed for sp2 carbon domains,16 and the 2D
band is the most prominent feature in the Raman spectra of high-
quality graphene. The shape of the 2D band and the ratio of its
intensity relative to that of the G band (IG/I2D) are well-
established characteristics of graphene layers.4 In the case of
single-layer graphene, the G and 2D bands were observed at
about 1592 and 2793 cm�1, respectively. The 2D peak could be
fitted by a symmetric sharp peak with IG/I2D < 0.3, which is
characteristic of monolayer graphene. The full width at half-
maximum (fwhm) of the 2D peak for our monolayer graphene
was 45 ( 5 cm�1. The broadening can be explained by a non-
uniform number of layers: a small fraction of bi- or few-layer
graphene broadens the 2D peak.17 The 2D bands also become
broader with increasing layer number because of the change in
the electronic structure of graphene, which affects the process of
double resonance.18 The low intensity of the D peak located
at ∼1350 cm�1 is consistent with a slight disorder of the gra-
phene layer or may be caused by domain boundaries. The blue
shifts of the D, G, and 2D bands of monolayer graphene with
respect to those of reported graphene mainly derive from the
strong compressive strain effect of the SiO2/Si substrate, although
the frequency of the G and 2D Raman bands is also adjusted by
charge doping through electron�phonon coupling changes.19,20

Similar blue shifts were also observed by Ni et al.21 after thermal
annealing of graphene covered with a layer of SiO2: the D, G, and

Figure 2. Analyses of graphene films produced by oxygen-aided CVD.
(a�c) HRTEM images of (a) monolayer, (b) two-layer, and (c) three-
layer graphene. Scale bars = 5 nm. (d) SAED pattern of graphene,
showing two sets of hexagonal patterns. (e) STM image (It = 0.5 nA,Vs =
25 mV) of the graphene honeycomb lattice. Scale bar = 1 nm. (f) C 1s
and (inset) Si 2p XPS spectra of a graphene film. (g) Raman spectra
(514 nm laser wavelength) of a graphene film.

Figure 3. Optical and electrical properties of oxygen-aided graphene
film on quartz. (a) AFM height image of discrete graphene sheets after a
2 h growth. Scale bar = 1 μm. (b) AFM height image of graphene film
after a 6 h growth. Scale bar = 1 μm. (c) AFM phase image of graphene
film. Scale bar = 1μm. (d) Transmittance spectra of oxygen-aided graphene
films on quartz. (e) Comparison of the properties of transparent conductive
films obtained in this work and other examples in the literature.
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2D bands shifted to higher frequency with an increase in anneal-
ing temperature as a result of the strong interaction between
graphene and SiO2.

Polycrystalline graphene can also be synthesized on quartz via
a similar CVD process (1100 �C, CH4:H2:Ar = 13.5:50:70 sccm;
Figure 3). The optical properties of the continuous graphene
films formed on quartz were characterized by UV�vis spectros-
copy. Figure 3d shows the transmittance spectra of the graphene
films, which have high transmittance in the visible and near-IR
regions. At a wavelength of 550 nm, the transmittance of the
thinnest graphene film was ∼91.2%, and its sheet resistance
was ∼800 Ω/0. The transmittance and sheet resistance both
decreased with increasing deposition time (Figure 3d). The
minimum sheet resistance reached ∼210 Ω/0, and this film
had a transmittance of 63.5%. Figure 3e shows a comparison of
the sheet resistance of our graphene films with those of pre-
viously reported graphene as a function of transmittance at
550 nm. The sheet resistance of graphene formed by oxygen-
aided CVD was lower than those of catalyst-free nanographene,7

chemically reduced graphene oxide,22 and Ni-catalyzed gra-
phene5 and close to that of wet-transferred graphene23 with com-
parable transmittance. The better optical and electrical proper-
ties are attributed to the direct growth process, which avoids the
complex postsynthesis transfer process with its associated pro-
blems of contamination and film breakage. Bae et al.24 report
that roll-to-roll graphene films have sheet resistances as low as
∼125 Ω/0 with 97.4% optical transmittance, indicating that
there is still a room for improving the quality of the graphene
grown by oxygen-aided CVD for use in transparent conducting
electrode applications. Nevertheless, the oxygen-aided CVD
approach simplifies the processing technology, and the current
properties meet the requirements for practical applications in
electrostatic dissipation, cathode ray tubes, and touch screens.25

It has been proposed that the CVD growth of graphene on
Ni occurs by a carbon precipitation process,26 whereas gra-
phene grows on Cu by a different surface-catalyzed process.27

Therefore, it is of interest to investigate the mechanism of the
growth of graphene on SiO2 in the absence of a metal catalyst.
According to reported studies of SWCNT growth on nanosized
SiO2 particles,

11 the synthesis of graphene on SiO2 substrates
involves a vapor�solid�solid (VSS) growth mechanism. We
found that heat treatment of the SiO2 substrate in air increased
the number of graphene nucleation sites in the subsequent
CVD growth (Figure S4). Similar to metal-catalyst-free SW-
CNT growth, the presence of oxygen can enhance the capture of
CHx (x = 0�4) fragments through C�O and H�O binding and
thus provide more opportunities for C�C coupling and gra-
phene nucleation. The graphene growth law also suggests that
the oxygen-aided growth is a surface deposition process with a
very low reaction rate (1�5 nm/min). Notably, as in the case of
graphene grown on Ni or Cu, the growth of microscale graphene
sheets needs only a few minutes. According to studies of the role
of kinetic factors in graphene growth on Cu,27 the relative sizes of
the mass transport coefficients (hg) and surface reaction con-
stants (Ks) influence the growth of graphene: uniform growth of
single-layer graphene occurs when hg . Ks, and nonuniform
growth occurs when hg, Ks. A relatively low value of Ks may be
the reason for our observed growth of large-scale monolayer
rounded graphene sheets on SiO2 in the first period. We also
conducted Fourier transform IR (FTIR) spectroscopy, low-angle
(30�) XPS, and Raman investigations (Figures S5�S7). A weak
SiC signal was detected in graphene samples on quartz, which has

a higher surface roughness than SiO2/Si (Figures 1b and 3a).
Bachmatiuk et al.28 reported the formation of SiC from SiO2

nanoparticles via the carbon thermal reduction.29 Thus, we think
that the nanosized SiO2 risings and carbon nanoparticles formed
concomitantly with the growth of graphene probably induce the
formation of few-layer graphene (Figures 1e,f and 3b).28,30,31

The growth mechanism still remains an active area of theoretical
and experimental research, and further detailed studies are under-
way in our laboratory.

To evaluate further the electronic quality of our graphene film,
field-effect transistors (FETs) were fabricated on a SiO2/Si wafer
with Au as source and drain electrodes and a doped silicon
substrate as the back gate. In Figure 4a, typical I�V character-
istics for a device with a channel length (L) of ∼65 μm and a
channel width (W) of∼1200 μm in N2 reveal typical hole trans-
port behavior, with a rapid increase in the source�drain current
(IDS) with increasingly negative gate voltage (VG). The transfer
curves of the device are shown in Figure 4b. The IDS value
increases monotonically with decreasing VG, indicative of p-type
behavior with the neutrality point moved to positive VG.

1 Al-
though vacuum treatment (2 days) caused a shift, in N2 the
devices did not exhibit the ambipolar characteristics of graphene
FETs because of the strong doping of the substrate. This is
also reflected in the blue shift of the G band in the Raman spectra
(see Figure 2g). The estimated current “ON/OFF” ratios were
about 2.51 in air and 3.24 in N2, which are high values for pure
graphene-film-based FET devices. The carrier mobilities calcu-
lated from the linear regime of the transfer characteristics are
about 531 cm2 V�1 s�1 in air and 472 cm2 V�1 s�1 in N2. The
values are better than those obtained using chemically reduced
graphene oxide films (∼1 cm2 V�1 s�1, L = 21 μm, W = 400
μm)3 and also compare favorably with that of PMMA-derived
graphene on Cu (∼410 cm2 V�1 s�1, L≈ 7.5 μm,W≈ 9 μm).32

All of the FET devices in our experiments (Figure 4c,d)
showed uniform characteristics regardless of channel length

Figure 4. Room-temperature oxygen-aided CVD-grown graphene-film
FETs. (a) IDS�VDS characteristics for a device with a channel length
of ∼65 μm and channel width of ∼1200 μm in N2. As VG was varied
from 50 to�50 V, the conductance of the device increased, indicative of
a p-type semiconductor. The inset shows a schematic diagram of this
device. (b) Transfer characteristics (IDS vs VG) of the graphene device
at VDS = 0.1 V in air (black) and N2 (red). (c) SEM image of film FETs
with different channel lengths. Scale bar = 400 μm. (d) Mobility and
current ON/OFF ratio as a function of channel length in air (black) and
N2 (red).
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(L = 30�130 μm,W≈ 1200 μm), confirming the high quality of
our graphene films.

In summary, we have developed an oxygen-aided CVD
process for synthesizing high-quality polycrystalline graphene
on a large scale. Graphene can be directly synthesized on SiO2/Si
or quartz, which can be directly incorporated into electronic
devices, thus avoiding a complex and skilled postsynthesis trans-
fer process with its associated problems of contamination and
film breakage. Our work provides an alternative method for pro-
ducing graphene on dielectric substrates without matched crystal
structure and lattice parameters as well as high-quality samples
for a study of the growth mechanism. Unlike metal-catalyzed
CVD growth and SiC epitaxial growth, the method presented
here is more compatible with current Si processing techniques
for fabrication of electronic devices.
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